Using 14C-spiked pyrolytic graphite-coated quartz crucibles for the growth of nine ultra-pure germanium single crystals, we have determined the carbon content and distribution in these crystals. Using autoradiography, we observe a rapidly decreasing carbon cluster concentration in successively grown crystals. Nuclear radiation detectors made from the crystals measure the betas from the internally decaying 14C nuclei with close to 100% efficiency. An average value for the total carbon concentration [14C+'2C] is -2x1014cm-3, a value substantially larger than expected from earlier metallurgical studies. Contrary to the most recent measurement, we find the shape of the beta spectrum to agree very well with the statistical shape predicted for allowed transitions.
Introduction
Pure and doped germanium single crystals have traditionally been grown from a melt contained in a graphite susceptor . Graphite combines several electrical and chemical properties which are advantageous for its use as a susceptor material. It couples well to a RF heater coil, it can be purified with a high temperature chlorine gas process which removes most metallic impurities to negligible levels, and a graphite susceptor does not introduce undesirable oxygen to the crystal growing apparatus. Graphite is, in the metallurgical sense, not miscible with germanium near the melting point of the latter.1 The meaning of this for a pure semiconductor will be examined below. In the course of developing ultrapure germanium single crystals for the fabrication of nuclear radiation detectors,2 it was found that the purest graphite still contained unacceptable levels of boron and phosphorus. Lining the graphite susceptor with a synthetic quartz crucible led to the necessary net-dopant levels of < 2 x 1010cm- 3.3 From this point on the interest in graphite in relation to the development of ultra-pure germanium dropped.
The recent discovery of a large number of novel acceptor and donor centers in high-purity germanium has refocused the attention to several impurities which have been completely neglected in the past because they are neutral by themselves. Hydrogen, oxygen, silicon and carbon have been found to form impurity complexes, some of which can act as donors, others as acceptors.4 With concentrations often well above the concentration of the residual elemental acceptors such as boron, aluminum, gallium, etc. or donors such as phosphorus, arsenic, lithium, etc., these new centers can play a very detrimental role.
Hall5 discovered the first two of these unknown centers in hydrogen atmosphere, quartz-crucible-grown crystals when he rapidly cooled crystal samples from T = 4000C down to room temperature. Temperatures in this range are routinely used for the formation of n+ contacts by lithium diffusion. Hall's centers along with several other novel acceptor levels have been explored using Photothermal Ionization Spectroscopy and doping experiments.4 A simple model which can explain all the observed properties of several of the new centers has been proposed recently. 6 The model is based on a heavy, substitutional impurity such as copper, oxygen, silicon or carbon trapping a, light, interstitial impurity such as hydrogen or lithium in its vicinity (Fig. 1) . The potential well which is trapping the interstitial impurity is thought to be created by the difference in the bond length of the substitutional impurity and the germanium host lattice. The "rapid quench" centers (as Hall Though ultra-pure germanium crystals are grown from melts contained in synthetic quartz crucibles, it has not been known before this study how much of the carbon which is present in all the commercially available germanium carries over through the various additional processes to the final product. In this paper we present the first experimental results on the solubility of carbon in germanium and the propagation of carbon through the crystal growth process using quartz crucibles. Because of the large uncertainty in the available concentration data, we decided to use a radioactive tracer technique. Carbon 14 is a convenient radioactive isotope for the study of carbon chemistry. The half life of 14C is T1/2 = 5730 years. This is very long for all practical purposes.
The maximum beta energy is Emax = 156 keV.8
Experimental

A Novel Radioactive Tracer Technique
One of the standard radioactive tracer techniques uses the exposure of x-ray film by the betas (nuclear electrons) emitted during the decay of a radioactive isotope. This technique, called autoradiography9 has excellent spacial resolution. For isotopes with small maximum beta energy (carbon 14 and tritium belong to this group), autoradiography is limited to thin specimens because of source self absorption. In addition, autoradiography lacks sensitivity and gives only semiquantitative results. These shortcomings are of no importance in the study of biological metabolisms9 or for the detection of carbon during the production of silicon using the pyrolysis of trichlorosilane.10 In both of these cases the concentration of carbon is very high compared with the concentration we may expect to find in germanium crystals. 
Internal Beta Decay Detection
A number of nuclear radiation detectors1l were produced from the 14C labeled crystals. A few devices reached full depletion, others could only be partially depleted. The depletion depth of the latter ones was determined from the capacitance and the detector area. The beta spectra were accumulated and stored in a multichannel pulse height analyzer. A typical spectrum is shown in Fig. 3 . The shape of the spectrum deviates at low energies from a "statistical" spectrum which should be observed according to Fermi's beta decay theory. 12 With an electronic resolution of about 2 keV FWHM, we expect electronic pulses up to -7 keV. Incomplete charge collection of betas stopped inside or close to the lithium diffused n+ contact, near the detector periphery and near the boron-implanted p+ contact lead to pulses with reduced amplitude and to a distortion of the spectrum mainly at low energies. Recording two spectra at different biases which do not deplete the detector, and subtraction of the lower bias spectrum from the higher bias spectrum substantially reduces the shape distortion (Fig. 4) . Integration over the upper third of all three spectra yield, however, very similar beta decay rates per unit volume. This means that the shape distortion is negligible in the upper third of the spectrum. The strong energy dependence of shape distortions can be understood when one assumes that any given fractional charge collection loss occurs with a constant probability for any given beta energy. This assumption is experimentally supported by measurements of monoenergetic internal conversion electrons. Such spectra generally show an energy independent increase in the background below each electron peak. 
Autoradiography
Two 2 mm thick slices from each crystal, one near the seed end and one near the tail end were cut, lapped and polish etched. Four slices were sandwiched between two 5 x 5" sheets of Kodak SB5 x-ray film. The small black spots in Fig. 6 were produced by a continuous three months exposure of the slices from crystal #682. They indicate carbon clusters. The original film sheet shows a barely detectable increase in general background exposure between the spots compared with the unexposed areas of the film. We assume that this increase is due to the substitutionally dissolved carbon atoms. Figure 7 shows autoradiographs of the nitrogen-atmosphere-grown crystal #685. Several noteworthy differences can be detected. Experiments are in progress which should lead to the concentration and probably the relative size of the carbon clusters in hydrogen-atmosphere-grown crystals. A sequence of autoradiographs, each one exposed for three days, will be recorded. In between each exposure a thin layer between 10 and 30 pm thick will be etched off both sides of the Ge wafers. Careful comparison of the autoradiographs will show how many clusters appear and how many disappear after each etching cycle. "surface free" detector. We do not have to apply any corrections to the raw data. Figure 8 shows a 14C beta spectrum and Fig. 9 displays the corresponding Fermi-Curie plot. The latter is expected to fit a straight line if the spectrum follows the statistical shape. A best fit to the data between -30 keV and Emax leads to a value of the maximum beta energy of 155.06 i .10 keV. Our results for the shape of the beta spectrum are in strong disagreement with the most recent data published by Sonntag et al. 16 This group detected a substantial deviationTriom the ideal spectrum shape at low energies and used this finding to explain the anomalously long half life of 14C.
We feel that our data which are free of any corrections may represent the true shape of the '4C beta spectrum more closely. Furthermore we find that the older datal7 are also in closer agreement with the ideal spectrum than the results by Sonntag et al. 
